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ABSTRACT
Since their invention in 1979, vertical-cavity surface-emitting lasers (VC-
SELs) have been the focus of many research efforts due to the wide appli-
cability of so many of their features. Those that operate in the single-mode
regime with sufficiently high power are of particular interest because of the
need for an energy-efficient solution to the shrinking bit size in hard disk
drives.
This work addresses this problem by a careful study of the state-of-the-art
approaches to high-power single-mode lasing and by integrating the funda-
mental operating principles into new, novel approaches. The design rules,
optimization parameters, fabrication, and characterization of three different
structures are presented with an in-depth analysis of performance and future
improvement. The devices presented include the metallic spatial filter, the
extended pillar design with experimental verification of optimized higher or-
der mode loss, and the surface relief design with an experimentally verified
model.
The metallic spatial filter is found to show peak output power near 12 mW
with a transverse mode spacing of only a few angstroms. The extended pillar
design is presented as an improvement over the metallic spatial filter, along
with a systematic approach to suppressing the lasing behavior of higher or-
der modes within the cavity. By removing the high reflectivity around the
perimeter of the cavity, over 40 mW of single-peak power and 3 mW of
single-mode power are attained. An experimental optimization of the oxida-
tion aperture with regard to the size of the external pillar is also presented.
Finally, the surface relief structure is presented with full two-dimensional de-
sign simulations. Single-mode power near 3 mW with a very low threshold
of below 5 mA is shown along with experimental verification of modeling
results. In addition, the metallic surface relief design is proposed as a future
improvement, along with some preliminary modeling results.
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CHAPTER 1
INTRODUCTION
1.1 Motivation for High-Power Single-Mode VCSELs
Since the invention of the vertical-cavity surface-emitting laser (VCSEL) in
1979 [1], there has been much dedicated research in this area. Many applica-
tions such as laser printing, barcode scanning, and optical tracking implement
VCSELs because of their small footprint, low beam divergence, and low cost
of manufacturing. In particular, certain applications such as high-speed mod-
ulation and local area heating require stable single-mode performance and
sufficiently high power. The focus of this work revolves around the develop-
ment of a high-power single-mode VCSEL for use in magnetic recording.
As technology continues to improve, magnetic recording for hard disk
drives (HDD) faces a situation similar to that of Moore’s law for integrated
circuit elements. For magnetic HDD recording to maintain their effective-
ness and ubiquitous nature, the storage capacity must continue to grow by
30-40% annually [2]. A plot of the areal density as a function of time for the
last twenty years is shown in Fig. 1.1. Higher storage capacity requires high
areal density of magnetic domains, which in turn requires a decrease in the
size of each domain. This decrease in size means that each domain requires
a smaller amount of energy to change the information stored in the magnetic
domain, confirming that beyond a particular size limit, thermal energy fluc-
tuations can influence the data stored in magnetic domains [3]. This limit is
referred to as the superparamagnetic limit.
One proposed solution to this phenomenon is heat-assisted magnetic record-
ing (HAMR). As opposed to standard perpendicular magnetic recording,
which is the industry standard for HDD media currently, HAMR employs a
material with a very high magneto-resistance. Thus, the magnetic domains
can be reduced in size without fear of thermal energy fluctuations reversing
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Figure 1.1: Areal density of magnetic bits per square inch in hard disk
drive (HDD) technology over the last twenty years. From [2].
the bit data randomly. However, using such a material makes it very difficult
to pattern the media. To lower the energy required to pattern the bit, each
bit is locally heated to reduce the magneto-resistance [4]. A schematic of the
conventional and HAMR recording techniques is shown in Fig. 1.2.
The high-power single-mode laser research presented in this thesis, while
of general applicability, will especially reflect the HAMR requirements and
design parameters.
1.2 State of the Art for Single-Mode Lasers
Many approaches have been taken to reach high-power single-mode behavior
in VCSELs, including an extended cavity [5] (VECSEL concept) or design of
a thermal lens [6] to reduce higher order mode behavior. Devices like these
use extended cavities that can range from tens to hundreds of microns in
length. Another approach is to engineer micromirrors to act as a selective
feedback structure for the fundamental mode, such as [7]. However, this
discussion of the state of the art will focus only on those designs which meet
the smaller size constraints of the HAMR integration. As such, this review
2
Figure 1.2: Schematic of (a) conventional perpendicular recording system
and (b) heat-assisted magnetic recording system. The heat source (laser) in
the heat-assisted magnetic recording (HAMR) system is focused to small
size and used to heat only a single bit, allowing it to be read/written
temporarily. After [4].
focuses on three approaches : 1) optimized p-contact, 2) spatial filtering, and
3) surface relief.
1.2.1 Optimized P-Contact
When a device is injected with current, the current must travel from the p-
contact through the active region via a current confinement aperture, most
often made of oxidized AlAs. If the contact diameter is smaller than that of
the oxide aperture, it seems clear that the current will pass straight through
the oxide aperture and the active region. In this case, the current distribution
will closely resemble that of a uniform disc as it passes through the oxide.
The larger this disc, the higher the gain experienced by the field as it passes
through the active region and the lower the threshold of the laser.
In contrast, as the injection contact becomes larger than the oxide aper-
ture, the field lines (and thus the current flow) will become concentrated in
the oxide aperture. In this case, the current density is much higher along
the edges of the oxide aperture, leading to a non-uniform injection into the
active region. One consequence of such an injection scheme is the excitement
of higher order modes. Because higher order modes have electric field peaks
nearer to the outside of the oxide aperture, they may experience a higher
gain in the active region due to the higher (non-uniform) carrier density at
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these locations.
Thus, there exists an optimized ratio of the p-contact to the oxide aperture.
According to [8], where an oxide aperture of 600 µm is used, the optimized
p-contact diameter for the maximum power while maintaining single-mode
behavior is 580 µm. The reported maximum single-mode power is in excess of
1 W with and injection of 3 A. While the size is far too large to be applicable
to the HAMR project, the ratio of p-contact to oxide aperture diameter will
be of use as the device size shrinks as well.
1.2.2 Spatial Filter
Aside from optimizing the injection aperture with regard to the oxide aper-
ture, another technique involves physically filtering out higher order modes.
This is accomplished by using metal (or another highly conductive material)
to prevent higher order modes from propagating beyond the structure. In
general, the structure itself is not designed to lase without the addition of
additional components. Thus, the metal spatial filter is deposited on the
top of a non-lasing cavity, and additional semiconductor layers are deposited
above the contact to provide the required feedback. With a scheme like this,
the higher order modes that are excited in the active region cannot pass the
metal filter and, thus, do not see the additional dielectric layer or the reflec-
tivity that they provide. Thus they will not satisfy the lasing condition due
to low reflectivity. The structure is presented in [9], and the corresponding
data are presented in [10].
The optimized spatial filter size is approximately one third of the injection
aperture, and the structure is capable of 1 mW of power with 6 mA of injected
current [10]. This structure was optimized using 850 nm wavelength.
1.2.3 Surface Relief
The last approach to single-mode behavior briefly reviewed here is that of
surface relief. The focus of surface relief is to break the phase matching con-
dition (and thus drastically reduce the mirror reflectivity) selectively across
the emission aperture of the device. That is, there is a quarter wavelength
layer on the top of the device that is etched away outside the beam waist of
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the fundamental order mode. Thus, the higher order modes, each of which
has a peak outside the center, will see the diminished reflectivity and fail to
meet the lasing condition [11].
Because this approach is very sensitive to etching conditions, inverted sur-
face relief has been proposed and realized in [12]. In this case, an extra quar-
ter wavelength layer is grown atop the epitaxial structure and only etched
away in the center. Though the principle is the same, the processing is sim-
plified greatly by adding a relaxed constraint on the exact etching depth.
This method is reported in [12] to achieve a maximum single-mode power
above 6 mW.
This method remains the most promising method for achieving single-mode
operation in a monolithic cavity with reasonable, reproducible processing
uniformity. However, due to the addition of another parameter (namely, the
surface relief diameter as a function of oxide aperture and p-contact aperture
diameters), careful modeling must be performed to minimize the possibility
of inducing higher order mode lasing in the structure.
In addition to optimizing for single-mode behavior, the thermal behavior
of the device must be managed. Surface relief is shown to reduce the photon
lifetime by a factor of 3-4 in smaller devices [13], leading to an increase in
threshold current for the device. In addition, if the photon lifetime of the
fundamental mode is lowered enough to approach that of the higher order
modes, no mode differentiation will be possible. However, scaling the size
of the surface-relieved structure can lead to lower series resistance and lower
thermal resistance, which will lead to lower (thermally) dissipated power
[13]. Thus, there are many parameters to be optimized in order to achieve
the most efficient high-power single-mode VCSEL.
For convenience, a summary of the state-of-the-art figures of merit at the
time of writing is given in Table 1.1.
The author would also like to mention two other important etching tech-
niques that have been used to optimize single-mode behavior. The first is
the so-called photonic crystal VCSEL [15]. This device makes use of deep
surface etching in a periodic pattern to increase loss to higher order modes.
In addition, because the fundamental mode is doubly degenerate, consisting
of two polarizations, asymmetry has been employed to choose one polariza-
tion over another. This can include either a periodic surface etch, as in the
case of [16] or [17], or anisotropic etching, as in the case of [18], [19], or [20].
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Table 1.1: Summarized state-of-the-art values for single-mode high-power
operation. Each is single mode, except the optimized p-contact (*) which
has suppressed higher order mode behavior but is not completely single
mode. The data for (**) is from [10], cited by [9]. E-VECSEL is acronym
for electrically-pumped vertical-external-cavity surface-emitting laser. Size
is given in the form of a ratio of injection to emission apertures.
Structure Size Current Power (best) λ
E-VECSEL [14] 150/150 µm ∼1 A 420 mW ∼985 nm
P Contact (*) [8] 600/580 µm ∼3 A 1 W+ ∼983 nm
Micro-Mirror [7] 28/350 µm ∼25 mA 10 mW (CW) 970 nm
Spatial Filter(**) [9] 15/5 µm ∼6 mA ∼1mW ∼850 nm
Surface Relief [12] 6/3 µm ∼3 mA 6 mW ∼845 nm
1.3 Thesis Overview
This dissertation is organized into chapters according to the approach taken
to reach high-power single-mode behavior. Chapter 2 begins with an overview
of the physics of VCSEL operation, including the structure, supported modes,
and lasing condition. It also provides a brief overview of the current chal-
lenges in single-mode lasers and how to overcome such obstacles. The re-
maining three chapters are dedicated to the metallic spatial filter, extended
pillar, and surface relief designs, respectively.
With the metallic spatial filter, a systematic study of the oxidation depth
with respect to the emission is performed, yielding the optimized ratio of
the oxidation to the emission aperture. In addition, spectral performance
is presented showing an 8 mW single-peak laser output. However, due to
the size of these devices, the modal spacing can be very small, so high-
resolution spectra are also presented to study the mode splitting in large
aperture devices. In order to further suppress higher order mode lasing, the
metallic spatial filter is combined with a carefully designed extended pillar.
This produces 3-4 mW of pure single-mode power. Both theoretical and
experimental design constraints on the height and width of the extended
pillar are presented along with beam waist measurements to determine the
size of the optical output beam.
The surface relief structure is then presented with a detailed numerical
analysis of the surface relief structure, from both the lateral and vertical
directions. In addition, fabrication and characterization are presented to af-
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firm the potential for high-power single-mode behavior with this approach.
Finally, metallic surface relief is proposed as a novel approach to mode selec-
tivity based upon the high potential for metal to induce higher order selective
loss when paired with a full DBR pair. All devices presented are fabricated
in the cleanroom at the Micro- and Nano-Technology Laboratory (MNTL)
at the University of Illinois at Urbana-Champaign. All characterization is
performed in Professor Chuang’s laboratory.
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CHAPTER 2
MODAL BEHAVIOR IN VCSELS
2.1 Introduction to Vertical-Cavity Surface-Emitting
Lasers
A laser can be thought of simply as a waveguide, truncated at both ends by a
reflector. By considering a simple laser cavity consisting of a waveguide with
a mirror on either end and a gain medium in between as shown in Fig. 2.1,
two important conditions can be derived. In a round trip around this cavity,
the field will propagate twice the cavity length, interact with two mirrors
that each have a reflection phase and magnitude, and experience material
loss. Noting that propagation is represented by an imaginary exponential
and attenuation by a real exponential, and realizing that the field should at
the very least maintain its magnitude after one pass, we can write
|r1||r2|ei(2kL+φ1+φ2)−L(α−gΓ) = 1 (2.1)
where ri is the magnitude of mirror reflection, φi is the phase of mirror reflec-
tion, k is the wave number, α is the intrinsic loss, and Γ is the confinement
factor which gives the field overlap with the gain material. g is the material
gain in the active region. The loss term α includes the material loss and
diffraction loss.
Separating this equation into real and imaginary parts yields two different
requirements for the laser, each of which imparts a particular physical insight.
The real part gives
Γg = α +
1
2L
ln
1
R1R2
(2.2)
Physically, this is nothing more than the statement that the modal gain, Γg,
must balance the total losses experienced by the field as it propagates through
the cavity. Or, in other words, the field overlap with the gain material
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Figure 2.1: Schematic of typical Fabry-Perot laser design. The symbols g
and α are material gain and loss, respectively.
must provide enough amplification to overcome the radiation loss through the
mirrors and the material loss incurred during propagation. Mathematically,
the modal gain is defined as [21]
Γg =
∫∫
g(x, y)|E(x, y)|2dV∫∫ |E(x, y)|2dV (2.3)
where g(x, y) is the spatially dependent gain profile and the denominator is
the field normalization. Again, it can be seen that this expression represents
the overlap of the electric field with the gain profile. This concept will become
extremely important in future discussions of transverse cavity design and
mode discrimination.
The imaginary part gives
2kL+ φ1 + φ2 = 2mpi (2.4)
wherem is an integer. This requirement forces there to be no phase imbalance
upon completing a round trip through the cavity. This is also another way
to state that a standing wave must be formed in the cavity. That is, the
field reflected from the mirrors cannot destructively interfere with the field
propagating toward the mirrors. This condition will become the focus when
metallic surface relief is discussed in detail.
While this simple analysis is extremely useful to understand the underlying
physics, some modifications must be made to make it generally applicable
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to vertical-cavity surface-emitting lasers (VCSELs). The first modification
is to consider that many VCSELs, including the structures studied in this
work, include an oxide aperture. This aperture induces another scattering
loss term, αd, that must be included in the threshold gain condition Eq. 2.2.
In addition, the mirrors in a VCSEL are not simply single interfaces, but
many layers that each provide partial reflection. The following section will
deal with this concept in detail.
In a Fabry-Perot semiconductor laser, the cavity mirrors are defined by
the index contrast between the cleaved waveguide and the air into which it
is emitting. According to single-interface reflection of a plane wave, given by
R =
n1 − n2
n1 + n2
(2.5)
such an interface produces about 33% reflectivity for a semiconductor with
a refractive index around 3. However, vertical-cavity surface-emitting lasers
(VCSELs) require much larger mirror reflectivity due to the extremely short
cavity length (over 99% for a one wavelength cavity). A single interface
of semiconductor materials cannot attain this sort of reflectivity, so a dis-
tributed mirror is used. In a distributed mirror, many layers of small index
contrast materials are grown on top of one another to maximize reflectivity.
These layers are referred to as distributed Bragg reflectors (DBRs). Each
layer has a thickness of one quarter wavelength, so that the round trip from
a pair of layers has a phase shift of 2pi, creating a standing wave. A schematic
of a standard air-post VCSEL structure is shown in Fig. 2.2 (a).
Because of the advantage of multiple layers, VCSELs are able to attain very
high reflectivity, often in excess of 98%. This can been seen by considering the
plane wave propagation matrix approach as outlined in [22]. Assuming only
a transverse electric (TE) field and nonmagnetic materials, each layer can
be represented by the combination of an interface matrix and a propagation
matrix, so
Bl(l+1) =
1
2
[
1 +
k(l+1)x
klx
1− k(l+1)x
klx
1− k(l+1)x
klx
1 +
k(l+1)x
klx
][
e−ik(l+1)xd 0
0 eik(l+1)xd
]
(2.6)
where kix is the wave vector in the direction normal to the interfaces, given
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Figure 2.2: Schematic of a VCSEL cavity. (a) Air-post VCSEL structure
showing gain region (purple), oxide aperture (gray), DBRs (dark and light
blue), and p/n contacts (gold/gray). (b) Fabry-Perot approximation for
VCSEL cavity in longitudinal direction. (c) Fiber approximation of oxide
confined VCSEL in transverse direction.
by kix =
√
ω2µ0n2i − k20z. The reflection coefficient can then be found by[
E0
rE0
]
=
N∑
l=0
Bl(l+1)
[
tE0
0
]
(2.7)
The solution process for transverse magnetic (TM) modes is the same, and
the solution can be easily found by applying the duality principle. A plot of
the magnitude of the TE reflection coefficient as a function of the number of
DBR pairs is given in Fig. 2.3 (a). The figure assumes an index contrast of
3.02/3.46, corresponding to Al.90GaAs/Al0.12GaAs at 980nm. The figure also
assumes normal incidence so that kz = 0, meaning that kix = k0ni = 2pi/λ0.
In addition to the magnitude of the reflectivity in VCSEL structures, the
reflection bandwidth must also be considered. Unlike conventional edge emit-
ting lasers which rely on an air interface for reflection, VCSELs rely on the
material that constitutes the reflectors, which limits the range of wavelengths
that are reflected. This phenomenon will become important for the discus-
sion of longitudinal modes in VCSELs. By the same approach outlined above,
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Figure 2.3: (a) Magnitude of TE reflection coefficient as a function of DBR
pair number. Note that though the curve is smooth, calculations are only
done at full integer pairs of DBRs. The fluctuation in between pairs is large
due to the non-2pi phase difference, which is not shown here. (b) Magnitude
of TE reflection coefficient as a function of incident wavelength.
the magnitude of the reflection coefficient can be calculated for a range of
wavelengths. The results are shown in Fig. 2.3 (b). The calculation assumes
22 pairs of DBRs with the same material system as above. Note that this
system of DBRs only acts as an efficient reflector for a range of about 130nm.
2.2 Modes in VCSELs
As previously mentioned, a laser cavity is nothing more than a waveguide
truncated by a pair of mirrors (such as the previously described DBRs).
As such, the VCSEL structure supports a number of both longitudinal and
transverse modes. The longitudinal modes can be described by considering
the schematic VCSEL cross-section in Fig. 2.2 (b), and the transverse modes
can be described by considering the cross-section in Fig. 2.2 (c). Both will be
described in detail, including mode profile and mode spacing, in the following
sections.
2.2.1 Longitudinal
The longitudinal modes in a VCSEL can be derived using the same Fabry-
Perot model in Section 2.1. Of primary interest for single-mode behavior is
the frequency difference between modes, which can be derived by analyzing
the standing wave pattern within the cavity. Defining the cavity length in
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Fig. 2.2 (b) as L, and realizing that each round trip through the cavity must
be an integer number of wavelengths in distance, the wavelengths can be
written as kλ = 2L. Thus, the frequency spacing between any two modes is
∆ν =
c
2nL
(2.8)
where n is the refractive index of the medium. For a more detailed derivation
and discussion, please see [23].
For a standard semiconductor VCSEL, such as the AlGaAs system de-
scribed above, ∆ν ≈40 THz assuming a 1λ cavity length. From the DBR re-
flection spectrum derived above, the reflection window is only approximately
35 THz. Therefore, in a standard VCSEL structure, only one longitudinal
mode can propagate. The standing wave profile of a standard VCSEL struc-
ture is plotted in Fig. 2.4. Notice that the standing wave has three peaks
in the active region, indicating a (3λ/2n)-cavity, and decays into the DBR,
indicating strong reflection from the mirrors.
Figure 2.4: Longitudinal standing wave pattern in a VCSEL cavity with 22
top DBR pairs and 33 bottom pairs. The inset shows a zoom view of the
cavity. Wave pattern solved using the transfer matrix method.
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2.2.2 Transverse
Contrary to the situation with longitudinal modes, VCSELs can support
many transverse modes. The transverse modes can be solved by approxi-
mating the waveguide structure as shown in Fig. 2.2 (c). This turns out to
be a good approximation, as the experimentally observed transverse VCSEL
modes correspond to those seen in a weakly index-guided optical fiber. To
find the effective indices of the “core” and “cladding,” a weighted average of
the layers is used, taking into account the oxide aperture as the “cladding”
region. In most semiconductor laser structures, the contrast between core
and cladding is less than 2% depending on the material system.
The transverse mode profiles are found by solving the wave equation in
cylindrical coordinates(
1
ρ
∂ρ(ρ∂ρ) +
1
ρ2
∂2φ + k
2
ρ
)[
Ez
Hz
]
= 0 (2.9)
and applying boundary conditions along interface between the core and
cladding. This is a well known differential equation with the solution [24][
Ez
Hz
]
= CmJm(kρρ)
[
sinmφ
cosmφ
]
eikzz (2.10)
where Jm is the Bessel function of the mth order and k
2
z + k
2
ρ = k
2. Outside
the waveguide, the form of the solution is the same except that the Bessel
functions are replaced with the modified Hankel functions to account for
exponential decay into the cladding.
Because the fiber waveguide is not homogeneous in the ρ direction, both
Ez and Hz can be present, resulting in hybrid modes. The remaining field
components are then calculated using Maxwell’s equations, and boundary
conditions are applied to the tangential electric and magnetic field at the
core/cladding interface. A detailed derivation of the explicit field compo-
nents can be found in [25], [24], [26], or [27]. Here only a summary of the
cutoff frequencies is presented to show the distinction between the number of
transverse modes supported and the sparsity of longitudinal modes. A table
of cutoff frequencies above which each transverse mode is present is given
in Table 2.1. Note that the modal naming scheme for hybrid modes in an
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Table 2.1: List of cutoff values for transverse modes in VCSELs, assuming
weak-guidance approximation. Values are in terms of kca
√
1− n2out/n2in.
Adapted from [25].
Mode Cutoff Mode Cutoff
HE11 0 HE12 3.83
TE01 2.41 EH11 3.83
TM01 2.41 EH21 5.14
HE21 2.45 TE02 5.52
inhomogeneous waveguide is nontrivial due to the fact that both the electric
and magnetic fields have a field component in the direction of propagation.
This work will abide by the convention that HE modes are Hz dominant and
EH modes are Ez dominant.
It is clear from the table that even with the small core size (corresponding
to a small oxide aperture size in Fig. 2.2 (a) ) a VCSEL can support many
transverse modes. While each mode has a different frequency, they all lie
within the DBR reflection band.
In addition to operating at different frequencies, each mode has a particular
spatial distribution as well. The profiles for the lowest ten order fiber modes
are plotted in Fig. 2.5. Note that these modes use the fiber mode naming
convention, “LP”, because experimentally observed modes in VCSELs are
found to be linearly polarized. The fundamental mode LP01 corresponds to
the vector mode HE11 and is doubly degenerate due to polarization. The
second order vector mode is, from Table 2.1, TE01. Both polarizations of
this mode are contained within LP11. The main body of this work will
be concerned only with these two modes because maximizing single-mode
behavior hinges on the spatial and spectral difference between the first and
second order modes.
2.3 Challenges for High-Power Single-Mode Operation
As in any engineering design, optimizing for one parameter often comes as
the expense of another. The key concept of this work is to simultaneously
enhance the maximum output power of the laser while maintaining single
transverse mode operation. This section will explain with some detail the
difficulty in achieving this from the perspective of cavity design.
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Figure 2.5: Electric field magnitude for lowest ten fiber modes. Profiles are
found using the finite element method and named according to fiber mode
convention. The fundamental mode LP01 is doubly degenerate and
corresponds to the vector mode HE11. The second order mode, LP11
includes both polarizations of the vector mode TE01. Asterisk indicates
degenerate mode that includes an azimuthal node.
2.3.1 Vertical Cavity Design
In order to achieve high power, two parameters can be controlled. The
first is the reflectivity of the output coupling mirror. High power requires a
high output coupling transmission, or, in other words, a low output mirror
reflectivity because T = 1 − R. However, recalling Eq. 2.2, lowering the
mirror reflectivity even by a marginal amount will result in a large increase
in threshold gain. Fig. 2.6 shows a plot of the reflectivity and transmissivity
as a function of the number of DBR pairs, as well as the estimated threshold
modal gain. The dashed line on the plot indicates roughly the expected gain
achievable at room temperature under a reasonable current injection.
While some structures, such as the aforementioned VECSEL [6], imple-
ment very few pairs of DBRs, for our purposes this approach is not feasible.
If the mirror loss becomes large, it is necessary to extend the cavity length
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Figure 2.6: Left shows power reflectivity and transmissivity as a function of
the number of DBR pairs. Right shows the threshold gain as a function of
the number of DBR pairs, ignoring diffraction loss and assuming a material
loss of 12 cm−1 and 33 pairs of DBRs on the bottom. The dashed line is
meant to estimate the gain achievable at room temperature under
reasonable injection (≈ 2500 cm−1).
to compensate according to the relation
αm =
1
2L
ln
1
R1R2
(2.11)
For application to the energy assisted magnetic recording system, the cavity
length required to minimize the mirror loss to an acceptable level is simply
too large. For this reason, every design presented in this work, with the
exception of the metallic surface relief, will use 20-22 pairs of DBRs as a
top mirror to guarantee room temperature achievable threshold gain. The
metallic surface relief can use fewer pairs because it forms a hybrid mirror
with metal to increase the reflectivity.
The second consideration is the cavity itself. The gain region plays a large
role in the layer structure. The structures presented here use quantum well
active regions. Quantum wells provide a better carrier confinement than bulk
material, allowing for more efficient carrier recombination, and thus a more
efficient laser. Two layer structures will be presented: one uses five wells, and
the other three. The careful design of the cladding layers surrounding the
well will guarantee that the gain region is aligned with a peak of the standing
wave in the vertical direction. If this alignment is not carefully designed, the
threshold gain and power will decrease drastically due to the small overlap
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of the field with the gain material.
Along with the gain material, the oxide aperture must also be carefully
designed. Much study has addressed the size and exact location of the oxide
aperture with respect to the longitudinal standing wave in the cavity [28],
[29]. Because the oxide aperture is a diffractive element, the diffraction
effect will be minimized when it is placed at a field node. On the other hand,
diffraction loss increases when the aperture is placed at a field peak because
a larger magnitude of the field interacts with the diffractive element. In
addition, if the layer were infinitely thin, this would also reduce diffraction.
However, in practice, this is not possible, though it is industry standard to
grow the oxidation layer 30-50 nm in thickness.
2.3.2 Radial Cavity Design
In many aspects, the radial design of the cavity will prove to be more sensitive
to optimal cavity design. For this reason, much of this work is dedicated to
the modeling, optimization, and experimental characterization of the lateral
parameters of each device. It is in these parameters that the largest jumps
toward high-power single-mode behavior can be made.
The first parameter is the ratio of the oxide confinement aperture to the
emission aperture. This ratio has a large impact on both the current distri-
bution in the active region and the spatial hole burning of carriers. Both of
these phenomena will be described in more detail during the discussion of
each cavity design.
In addition to the basic current injection structure and mode confinement
in the lateral direction, the transverse cavity can easily be perturbed with
chemical etching (as opposed to the wafer growth required to significantly
alter the vertical dimension), making it a very useful method to induce single-
mode behavior. Small elliptical or periodic etches can be made to disturb
the surface in the area of higher order mode field peaks, such as [16] or [12].
This method will also be described in more detail during the discussion of
the relevant cavity designs.
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CHAPTER 3
SPATIAL TRANSVERSE MODE FILTER
3.1 Concept and Design
The metal spatial filter design is proposed with the idea of filtering the higher
order modes based on their transverse profiles. Fig. 3.1 shows both the
transverse mode profiles of the lowest two order modes and a schematic of
the spatial filter design. The design is inspired by those presented in [10]
and [9]. However, our design will not use proton implantation or indium
tin oxide (ITO) deposition. Instead, an additional oxide aperture has been
added to the layer structure to provide the current confinement that is lost
by excluding the proton implantation regions, and a highly doped GaAs cap
layer has also been added to ensure a proper distribution of current within
the metal injection region. In addition, the externally sputtered DBR pairs
will not be used as the intention of this study is to show the effectiveness of
the spatial filter itself and employ it for high-power single-mode lasers.
The oxidation apertures serve as both a current confinement and an optical
confinement layer. The transverse mode profile is defined by this aperture,
and as it propagates through the top DBR mirror, modes with field intensity
peaks (LP11 and higher) will not be collected through the emission aperture.
It should be noted here that not collecting a mode is not equivalent to the
mode not lasing. Higher order modes may still be lasing within the cavity.
This effect will be discussed towards the end of this chapter.
It is clear, however, that the ratio of the oxide aperture to the metal emis-
sion window will play a critical role in the filtering ability of the structure. If
the emission window is larger than the oxide aperture, then it will be impos-
sible to achieve single-mode performance because none of the propagating
modes will experience the metal. On the other hand, if the oxide layer is
much larger than the emission window, it will be difficult to collect sufficient
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Figure 3.1: Left shows two lowest order modes in a VCSEL cavity. Right
shows a schematic of the spatial filter device with the two lowest order
modes sketched in the oxide region.
power since a significant portion of every mode will experience the metal.
In addition to the filtering effect of the structure, it is important to note
that the metallic spatial filter can also suppress lasing for higher order modes
by including an absorptive layer beneath the metal. This will impart loss
to the modes that have a large overlap with the filter. The thickness and
composition of this layer must be carefully designed because the spatial filter
itself serves not only as a higher order mode suppressant but also the p-
contact for the device. The following discussion of results will address this
optimization and the overall effectiveness of the metal filter.
3.2 Fabrication of Metallic Spatial Filter
The layer structure consists of 22 and 33 pairs of Al0.12Ga0.88As/Al0.90Ga0.10As
DBRs as the top and bottom reflectors, respectively. The active region is
3/2λ in length and consists of five InGaAs multiple quantum wells. At the
top (emission side) of the cavity are two 30nm oxidation layers to form a
tapered oxide. This structure will improve carrier and optical confinement
in the device. It should be noted that if this device is to be optimized for
high-speed performance in the future, additional oxide or ion implantation
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layers should be used. This optimization is discussed in [30] and [31].
The fabrication of the metal spatial filter device is straightforward, us-
ing standard dry and wet etching techniques. However, since the fabri-
cation of future designs will often refer to the same techniques, they are
explained in some detail here. After cleaving and chemical cleaning, the n-
type contact is deposited on the bottom substrate. The contact consists of
a gold/germanium alloy, nickel, and a gold protective layer. The top con-
tact, consisting of a titanium bonding layer and a gold protective layer, is
deposited on the top side. Immediately afterward, photolithography is per-
formed to define the emission aperture and the mesa pattern, and the excess
gold is removed using a wet etch solution made predominantly of iodine. The
underlying titanium can be removed either with hydrofluoric acid (HF) or
a dry etch process using freon-based gases. Because we use a photoresist
mask that could potentially be damaged by dry etch, HF is employed to
remove the remaining metal. It is extremely important that the p-contact
not consist of a platinum layer which is generally used to improve the ohmic
performance of the contact. Platinum is not easily removed with either wet
or dry etching, and therefore should not be used for this structure. After the
top contact is defined, lithography is performed a second time to define the
mesa. After curing the photoresist, chlorine-based dry etching is performed
via inductively coupled plasma etching (ICP-RIE). A step by step schematic
of the process is shown in Fig. 3.2 along with a total device schematic and
an optical microscope image.
Figure 3.2: Schematic of process after (a) n- and p-type contact deposition,
(b) wet etch of mesa and emission aperture, (c) lithography for mesa
definition, (d) dry etch of mesa and mask removal. Schematic of final
device shown in (e) along with optical microscope image (f).
In order to efficiently study the optimization of the oxide aperture and
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emission aperture sizes, the mesa size is fixed at a 200 µm square and the
emission aperture is fixed to a 40 µm circular aperture. The device is then
step-wise oxidized to study the effects of oxidation and well as the size de-
pendence of optical output power and mode selectivity.
3.3 Metallic Spatial Filter Performance
3.3.1 Light Output and Spectral Measurements
Light output curves and CCD camera images are first taken for a very small
oxidation aperture to provide a baseline for future comparison. Fig. 3.3
shows a light output (L-I) curve for a 190 µm oxidation aperture and CCD
camera images of the same device with a 200 µm oxidation aperture under
various current injection levels. It is clear from the L-I curve that the device
is not lasing and is only acting as a light-emitting diode (LED). There is
no clear turn-on behavior and the maximum output power is 140 µW. From
the CCD camera images, it can also be determined that the device is not
lasing due to the heavy leakage of light from the side, indicating very little
confinement and no directionality of the output. It should be noted that
the dark patch in the upper right-hand corner of each image is the injection
probe.
Figure 3.3: (a) Light output (L-I) curve for 20 minute oxidation,
corresponding to 190 µm oxidation aperture. (b) CCD images of device
under current injection without oxidation, corresponding to a 200 µm
oxidation aperture.
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With this baseline for comparison, step-wise oxidation is performed. In
the interest of clarity, only those steps which provide significant insight into
the physics of device performance will be presented, followed by a summary
of each measurement taken.
Fig. 3.4 shows the resulting L-I curve and CCD camera images for a device
with a 140 µm oxidation aperture. This device, compared to the previous un-
oxidized device, is clearly lasing with a turn-on near 80 mA. Maximum power
before thermal rollover is 5.25 mW. The CCD images show light emission un-
der different current injections below threshold to demonstrate the optical
confinement properties of the oxidation layer. Light emission through the
center emission aperture dominates that from the edges; however, due to the
large size of the oxide aperture, some light still leaks through the edges at
increased current injection.
Figure 3.4: (a) Light output (L-I) curve for 140 µm oxidation aperture. (b)
CCD images of device under current injection for same device.
The kinks in the L-I curve are repeatable over many measurements, indi-
cating the occurrence of a physical process. In a VCSEL without a filter of
any kind, such kinks represent the turn-on of a higher order mode or polar-
ization shift, as seen in [32]. However, it is likely that in a device with a filter
such as ours, the kinks also represent a decrease in collection efficiency owing
to the increased diffraction loss of higher order lasing modes. To support
this conclusion, the spectra of this device are shown in Fig. 3.5 (a). As the
injection level is increased, the cavity modes start to emerge (60 mA) until
the spectrum is dominated by a single peak (90 and 110 mA). The fact that
there is still a single dominating lasing peak at an injection higher than that
of the series of kinks in the L-I curves supports the conclusion above.
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Figure 3.5: (a) Normalized spectra for 140 µm oxidation aperture under
different injection current. (b) High-resolution spectrum for 90 mA
injection current of same device. (c) High-resolution spectrum for 110 mA
injection of same device.
However, due to the large lateral size of this device design (recall the
mesa is 200 µm, oxidation aperture is 140 µm, emission aperture is 40 µm),
the transverse mode spacing can be extremely small. For this reason, high-
resolution spectra are taken at 90 mA and 110 mA, as shown in Fig. 3.5
(b) and (c), respectively. The resolution of the monochromator used to take
these spectra is less than 0.5 A˚. The emergence of a secondary peak can be
seen in the 90 mA injection case. The 100 mA injection shows clearly three
lasing modes with a total wavelength span of 0.5 nm, indicating extremely
small transverse mode splitting due to the large oxidation aperture size of
this device. Fig. 3.5 (b) and (c) also demonstrate clearly the red shift
(longer wavelength) of the lasing modes due to the increased active region
temperature with increased carrier density. The author would like to note
at this point that often the literature suggests single-mode operation with
a linewidth comparable to that shown in Fig. 3.5 (a), although the high-
resolution spectrum shows clearly the narrowly spaced nature of large lateral
area devices.
Armed with the knowledge of lateral mode spacing, further oxidation is
performed to shrink the aperture to 55 µm. The L-I and spectra are shown
in Fig. 3.6. The L-I curve shows similar discontinuities to that in the 140 µm
oxidation aperture device presented above. However, the maximum power
has more than doubled to 11.74 mW, indicating a higher collection efficiency.
However, due to the significant decrease in the size of the oxidation aperture,
it is expected that a portion of the power is contributed by higher order
modes. This effect is shown in the spectra given in Fig. 3.6.
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Figure 3.6: (a) L-I curve for device with 55 µm emission aperture. (b)
Spectra for same device with various injection current levels.
Upon further analysis of the spectrum, the device begins with single-mode
operation at injection just above threshold (15 mA), and shifts to multimode
operation at higher injection levels. This behavior is expected due to the
reduced oxide aperture and is typical of VCSELs with a large lateral area.
However, at injections near the thermal rollover point (80 mA), the device
becomes single peak dominant again.
The explanation for this behavior lies within the temperature-dependent
properties of the cavity. As the carrier injection increases, the temperature
in the cavity also increases, causing a red shift in the cavity modes and the
gain spectrum. The cavity mode shift is minimal, as the only temperature-
dependent property is the thermal expansion of the cavity length L in the
round trip phase condition given by Eq. 2.4. The gain peak shift is more
significant, owing to the large temperature dependence of the band gap of
the gain material. Thus, as the cavity temperature increases, the gain peak
overlap with higher order cavity mode peaks (short wavelength) reduces com-
pared to that of the fundamental mode (longest wavelength). A schematic
of this process is given in Fig. 3.7.
In addition to the gain profile shift with temperature, single-mode opera-
tion at high injection can also be due to thermal lensing. This process relies
on the dependence of the material index of refraction, n, on temperature, and
is explained for small oxide apertures in [33]. While this effect may play a role
in the performance of our device, it is not considered specifically in the design
because devices optimized for this effect do not demonstrate single-mode be-
havior over a large range of injection current or ambient temperatures, both
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Figure 3.7: Schematic showing the cavity modes and gain profile at low
injection level (left) and high injection (right). The gain profile experiences
a red shift and a decrease in amplitude due to the cavity heating caused by
high injection levels.
of which are required for applications in magnetic recording.
To observe the performance of the metallic spatial filter with a deep oxida-
tion, the aperture is decreased to 25 µm. The L-I and spectra for this device
are shown in Fig. 3.8. While the threshold current decreases substantially
to less than 3 mA, the output power is also significantly reduced to less than
5.5 mW. While the small oxidation aperture provides very good current and
optical confinement, it also induces a thermal rollover prematurely due to the
extremely high current density in the active region. In addition, the smooth-
ness of the L-I curve indicates a high collection efficiency and low modal
selectivity. This hypothesis is confirmed by the corresponding spectra. The
device shows no mode selection behavior due to the fact that the oxidation
aperture is smaller than the emission aperture. Recalling from above that
the mode profiles are defined by the size of the oxidation aperture, it is only
logical that the propagating modes do not experience the metallic filter and
are instead collected through the emission aperture.
3.3.2 Analysis of Oxidation Aperture Optimization
After performing a systematic step-wise oxidation until the oxidation aper-
ture closes, a comprehensive analysis of the ratio of oxidation to emission
apertures is performed. The results are shown in Fig. 3.9. With an oxi-
dation aperture much larger than that of the emission aperture, the device
effectively acts as a mode filter. However, the maximum output power is low
due to a low collection efficiency of lasing power. As the oxidation aperture
approaches the size of the emission aperture, the maximum power increases
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Figure 3.8: (a) L-I curve of device with 25µm oxidation aperture. (b)
Spectra of different injection current levels for the same device.
drastically. In addition, the number of higher order modes collected through
the aperture also increases. Once the oxidation aperture becomes smaller
than the emission aperture, it fails to filter any of the higher order modes,
and the output power decreases due to the increased cavity heating.
Figure 3.9: Summary of maximum power and modal performance of
metallic spatial filter design. The mesa size is fixed to a 200 µm square and
the emission aperture of 40 µm is indicated by the gray dashed line in the
plot. The schematics on either side represent the two extremes of oxidation
aperture size, much smaller than emission (left) and much larger than
emission (right).
The optimized ratio of emission aperture to oxidation aperture is found to
be .50-.66 to collect the most power and maintain single-mode performance.
However, as mentioned above, careful consideration must be given to the
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device’s thermal behavior and its impact on not only the power, but also the
single-mode selectivity.
3.3.3 Conclusions and Future Considerations
We have designed, fabricated, and characterized the metallic spatial filter
for high-power single-mode VCSELs. We found that the ratio of emission
aperture to oxide confinement aperture of about .50-.66 leads to the highest
output power while maintaining single-mode behavior. Our devices are able
to attain 11.74 mW of single-peak output power and ≈ 3 mW of true single-
mode output power, as verified by high-resolution spectra.
The primary future consideration for the optimization of high-power single-
mode VCSELs is the prevention of lasing for higher order modes. We have
shown the effectiveness of an optimal metallic spatial filter for collecting
only a single mode, but the rough nature of the L-I curves for the optimized
design indicates that higher order modes are still lasing inside the cavity.
This means that not only are they prematurely increasing the temperature
of the cavity, leading to a significant shift of the gain peak, but they are
also competing for the same carriers as the fundamental order mode. By
suppressing the higher order modes within the cavity, the fundamental mode
will experience higher gain and less competition from higher order modes,
leading to enhanced output power and delayed thermal rollover.
In addition, the symmetry contrast between the mesa and oxide aperture
with the emission aperture should be considered. The square nature of the
mesa and oxide aperture gives rise to rectangular TEM modes, whereas the
emission aperture is circular and passes the LP modes considered above.
Since the lowest TEM mode has a circular beam shape whereas higher order
rectangular modes do not, it is possible that the emission aperture is biased
to pass only this mode. This symmetry breaking technique is often employed
on the surface by a post processing etching technique, as described in [18]
and [19].
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CHAPTER 4
EXTENDED PILLAR FOR SINGLE-MODE
SELECTION
4.1 Operating Principle and Design
As previously mentioned, the primary drawback of the metallic spatial filter
design is the lack of prevention for higher mode lasing within the cavity. Even
if these modes are not collected through the emission aperture, they still
compete with the fundamental mode for carriers and diminish the maximum
power at which the fundamental mode can lase. Thus, we propose, fabricate,
and characterize an extended pillar design pictured in Fig. 4.1. For this
Figure 4.1: Schematic of the proposed extended pillar design pointing out
the various parameters for optimization. The metallic spatial filter again
functions as the p-contact, but reflectivity in this region is reduced by
etching away a number of DBR pairs.
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Table 4.1: List of indices of refraction, n+iκ, for common metals along with
power reflection coefficient calculations assuming that the semiconductor
material index is 3.02.
Material n κ |r|2 Reference
Silver 0.20729 6.6157 0.954 [34]
Gold 0.24794 6.669 0.946 [34]
Copper 0.32422 6.4479 0.926 [34]
Aluminum 1.46822 9.2214 0.831 [35]
Nickel 2.78105 4.9321 0.421 [34]
Titanium 3.30 3.2616 0.212 [36]
Platinum 3.37623 5.7128 0.445 [34]
design, a number of parameters need to be optimized. Of particular interest
are the height and width of the external pillar, the number of top DBRs
remaining in the metal spatial filter region, and the ratio of extended pillar
size to oxidation aperture that ensures the best single-mode performance
possible.
Before fabrication, we investigate the properties of various metals for the
metallic spatial filter as well as the number of top DBRs in this region to
understand the best way to increase modal selectivity. Because the metallic
spatial filter will also function as the p-injection contact, it is necessary to
use a metal in this section of the design. Based on the simple relationship
for plane wave reflection from a metal (nmetal = nm + iκ), given by
r =
(n− nm)2 + κ2
(n+ nm)2 + κ2
(4.1)
a metal is chosen based on its power reflectivity from a semiconductor in-
terface. A list of indices of refraction for common metals and their power
reflectivities is given in Table 4.1. From this data, either platinum or tita-
nium will give the smallest index contrast, depending on if the top layer is
Al0.12Ga0.88As (n = 3.4) or Al0.90Ga0.10As (n=3.02). To visualize the differ-
ence in reflection magnitude, we consider a 20 nm thick metal layer on top
of 10 DBR pairs. The reflection spectrum for each is shown in Fig. 4.2.
The calculation assumes that the top layer of semiconductor is low index
(n=3.02) so that titanium gives the smallest reflection coefficient.
Given the material for the spatial filter, the height of the top DBR mirror
in the spatial filter region can then be optimized. Fig. 4.2 shows the reflection
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Figure 4.2: Left shows the reflection spectra of a 20 nm layer of gold,
platinum, and titanium when placed on top of a 10 pair
high/low-alternating index DBR mirror. Right shows the reflectivity of the
20 nm Ti/200 nm Au spatial filter as a function of DBR pairs. The orange
dashed line indicates the reflectivity required to greatly reduce lasing for
modes with field intensity peaks in the spatial filter region. The green
symbols indicate the reflectivity without considering metal loss. The blue
symbols include loss.
coefficient for the metallic spatial filter with a 20 nm titanium layer coated
with 200 nm of gold as a protective layer as a function of the number of
DBR pairs in this region. Based on a simple threshold gain calculation, the
reflectivity required to push the threshold condition for modes located in the
spatial filter region is found to be about 96%. This corresponds to 13 DBR
pairs in the spatial filter region.
4.2 Fabrication
The same layer design used above for the metallic spatial filter discussion
is used here as well. The fabrication of the external pillar design is similar
to that of the metallic spatial filter above, with some key extra processing
steps. After back contact (n-type) deposition is completed, the external pillar
is first defined using optical lithography. The photoresist is cured to serve
as a mask for the dry RIE process which defines the pillar. An additional
lithography is then performed to isolate the mesas from each other, and the
p-contact/titanium absorber optimized according to the description above is
then deposited, and the excess is lifted off. A final lithography is performed
to define the mesa, and again cured for the dry RIE process. A step-wise
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schematic of the processing procedure is shown in Fig. 4.3 along with a
schematic of the full finished device.
Figure 4.3: Schematic of the external pillar design processing procedure,
including (a) back contact deposition and external pillar definition via
optical lithography, (b) external pillar RIE, (c) definition of metallic spatial
filter via optical lithography, (d) metal deposition, (e) mesa definition, (f)
mesa etching, and (g) a schematic of the finished device.
A scanning electron micrograph (SEM) of the device with 13 remaining
pairs of DBRs under the spatial filter is shown in Fig. 4.4 along with a low
magnification SEM to show the various sizes of devices fabricated. In addi-
tion to this design, another set of devices is fabricated in parallel with only 4
pairs of DBRs etched (18 remaining) in the spatial filter region. Both devices
have the full set of 22 top DBRs in the center pillar region. Comparisons of
the performances of the two designs are drawn during the relevant discussion
in the following sections.
Figure 4.4: Scanning electron micrographs (SEMs) of (left) external pillar
device showing the remaining 13 pairs of DBRs in the spatial filter region,
the full original 22 pairs in the pillar region, and (right) the range of sizes
fabricated for study.
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4.3 External Pillar Design Performance
The performance of the extended pillar design is divided into three parts
based on the design parameter that can be isolated and investigated for
future design improvements. The first parameter investigated is the extended
pillar height, followed by the dependence of mode selectivity and power on
lateral dimensions of the oxide layer, the extended pillar, and the spatial
filter. The final section presents results regarding the beam waist and spatial
mode location of the lasers.
4.3.1 Extended Pillar Height Optimization
As mentioned above, identical device sets are processed in parallel with two
different extended pillar etch depths: a deep device with only 13 pairs of
DBRs remaining in the metallic spatial filter region, and a shallow device
with about 18 pairs of DBRs in the same region. Both devices have the full
22 pairs of DBRs in the extended pillar region to impart high reflectivity to
the fundamental mode. The two devices are compared from the perspective
of maximum output current and spectral behavior. The results are shown in
Fig. 4.5.
Figure 4.5: (a) Light-output comparison between the deep etch device with
13 pairs of DBRs remaining (black squares) and shallow etch device with
about 18 pairs of DBRs remaining (red circles). (b) Spectra for the shallow
etch device. (c) Spectra for the deep etch device. All measurements are
taken on a device with a 300 µm mesa, 240 µm emission aperture, and an
oxidation aperture corresponding to about 280 µm.
A number of interesting physical concepts can be extracted from the fig-
ures. The deeply etched external pillar design shows both a lower threshold
and a higher slope efficiency in the L-I curve. This can be explained by
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considering the path of the injected current to the active region. Because
the metallic spatial filter also acts as the injection contact, carriers travel a
shorter path to the active layer in the deep etch devices compared with the
shallow ones. Thus, due to traveling through fewer DBR pairs, the series
resistance decreases, pulling the threshold lower. The slope efficiency can be
explained by the same phenomenon. The lower series resistance leads to less
self-heating, which leads to less thermally dissipated power. If the thermally
dissipated power decreases and the cavity heating decreases, we would expect
that the maximum light emission power should be higher for the deep etch
devices before thermal rollover (since thermal rollover is a direct result of the
amount of self-heating), which is exactly what is seen in Fig. 4.5 (a).
In addition to the thermal benefit of the deep etch devices, the deep etch
devices also display a significant improvement in spectral behavior, as seen in
Fig. 4.5 (b) and (c). It is most useful to compare similar light output power
(not similar injection current) to quantify this effect. At 6 mW of power, the
shallow etch spectrum shows multiple peaks with a total width of about 5
nm, whereas the deep etch device shows a single peak with a FWHM of less
than 1 nm. Again, because of the device size, it cannot be guaranteed that
this single peak is exactly a single mode, but the spectral filtering effect is
clearly demonstrated.
The spectra also show a significant red shit of the peaks for the shallow
etch devices. The self-heating induced by the high series resistance explains
this effect. Due to the material properties of the cavity, heating causes a red
shift of the cavity mode and gain peak, as explained in Fig. 3.7.
The spectral performance can also be added to the above argument for the
slope efficiency of the deep etch device. Because fewer modes are lasing in
the deep etch device, and those modes are lower order and thus centralized
in terms of spatial mode profile, the light is collected more efficiently. On
the other hand, the shallow etch device supports many more modes, and due
to the perimeter-peak nature of higher order modes, they are affected more
by the diffraction of the metallic spatial filter. Thus, the collection efficiency
for these modes drops drastically.
For the remainder of this chapter, only results from the deep etch devices
will be discussed as their performance is much better than the shallow design
for the reasons considered above.
34
4.4 Light Output and Spectral Characteristics
The characterization of the external pillar design is presented in two seg-
ments. The first is the maximum achievable output power and an approach
to further improving performance. The second segment presents a cumula-
tive summary of step-wise oxidation much in the same light as the metallic
spatial filter, along with a discussion of the relevant physical concepts that
explain the device behavior.
The external pillar design was able to achieve well over 40 mW with mul-
tiple sizes of devices, which is the power goal of our research. The L-I curves
for two different designs are shown in Fig. 4.6 indicating this high-power
behavior. Because of the high-power nature of these devices, special care
has to be taken when measuring the light output. The silicon detector used
for these measurements saturates at a power of only a few milliwatts, so an
attenuator is used to avoid this. The attenuator is calibrated for each mea-
surement for current injections above the lasing threshold that still do not
saturate the detector. This process introduces a small error in the measure-
ments, but even a conservative error estimate of a few percent will guarantee
that these devices have reached the power goals for applications in magnetic
recording.
Figure 4.6: Light output curves for a (a) 200 µm mesa with 160 µm
oxidation aperture and (b) 400 µm mesa with a 360 µm oxidation aperture
showing high-power operation over 40 mW.
Also immediately obvious from the two L-I curves is the similarity in power
between two drastically different sizes. The result is repeatable across multi-
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ple devices, suggesting that there are diminishing returns upon increasing the
size further. In general, increasing the area of the gain region will increase
the light output power, but in this case the large size of the device is not
beneficial. One possible explanation is that the carriers have a non-uniform
spatial distribution, and thus beyond a certain diameter are not serving to
increase the optical gain anymore. This phenomenon will be investigated in
the following section through beam waist images.
However, the high-power nature of the devices, as can be seen by the
repeatable kinks in the L-I curve, does not guarantee single-mode behavior.
In addition, the threshold currents of around 90 mA and 150 mA for the
two devices shown require a large amount of power. A quick calculation
assuming a diode turn-on voltage of near 5 V leads to a wall-plug efficiency
(ratio of injected power to collected light output power) of less than 1% for
both devices. Despite these two shortcomings, this design still holds great
potential for future implementations that require high-power single-mode
behavior.
Aside from the size dependence of device performance, it is again useful to
understand the effect of oxidation on the extended pillar structure. For this
study, the device with a 200 µm mesa, 160 µm extended pillar diameter, and
variable oxidation in 20 minute time steps is used. The L-I curve and two of
the corresponding spectra are shown in Fig. 4.7.
Figure 4.7: (a) L-I curve for device with 200 µm mesa and 160 µm extended
pillar diameter with varying oxidation time. The rate is approximately 1
µm/min diameter contraction during oxidation. (b) Spectrum under
varying current injection after 20 min (10 µm) oxidation. (c) Spectrum
under varying current injection after 60 min (30 µm) oxidation. The
colored stars in (a) correspond to the colored spectra in (b) and (c).
The first (and most relevant to single-mode behavior) point is the selec-
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tivity of the external pillar scheme with increased oxidation. Much in the
same way as the metallic spatial filter explained above, the optimum ra-
tio of oxidation, mesa, and pillar can be extracted from the experimental
data. The 20 minute oxidation shows single-peak behavior up to 14.8 mW
of power before the emergence of the second peak at 210 mA of injection
current. The single-peak behavior is maintained through a current range of
about 30% above threshold. This data is directly compared with the results
obtained after a 60 minute oxidation. The single-peak behavior gives a max-
imum power of only 2.0 mW up to a current injection of only a few percent
above threshold. The 20 minute oxidation case is the optimized case from
our experimental results, indicating that for a 200 µm diameter mesa, an
oxidation aperture of 190 µm and an external pillar of 160 µm give the best
combination of high output power and single peak spectra.
The L-I curves of these devices also differ in slope, indicating a shift in the
optical efficiency of the devices, written as [22]
ηop =
ln 1
R1R2
2αiL+ αdL+ ln
1
R1R2
(4.2)
where Ri is the mirror reflectivity, αi and αd are again the intrinsic and
diffraction losses respectively, and L is the cavity length. Considering a
single-mode in a standard pillar VCSEL as a simple case, this equation can
illuminate some important basic physics. As the oxidation increases, the
propagating mode experiences a higher diffraction loss. By this logic, the
slope of the experimental data should decrease as the oxidation increases.
For these particular devices, this is not the case because the device is not
operating with a single mode at each injection current. While each mode
will experience an increase in diffraction, especially the higher order modes
that have field intensity peaks away from the center of the aperture, the
effectiveness of the mirror increases for these modes as a larger portion of
the propagating field interacts with the external pillar region. A schematic
to illustrate this point is shown in Fig. 4.8. When the mirror becomes more
effective, the logarithmic terms in the numerator and denominator become
smaller, so that this effect dominates that of the diffraction loss. Thus, for
the extended pillar VCSEL devices shown, the slope efficiency increases with
increased oxidation.
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Figure 4.8: (a) Schematic of external pillar design showing deeply oxidized
case, where mode profile (orange), including higher order modes, interacts
with external pillar. (b) Schematic showing optimized oxidation, where
higher order modes do not experience the higher reflectivity in external
pillar region.
4.5 Beam Waist Characterizations
Aside from high-power and single-mode behavior, practical applications also
require a well-shaped, Gaussian-like beam profile in real space. Beam waist
measurements in this section are presented. Each measurement is taken with
a CCD camera while the sample is mounted on a temperature controlled
copper stage. The beam waist images for the 200 µm diameter mesa with
≈160 µm oxidation aperture and 120 µm external pillar diameter are shown
in Fig. 4.9. The most important thing to notice about the beam shape
is its correlation with the observed spectra. The 1 mW beam looks well-
shaped, with a beam waist of less than 14 µm. According to the spectrum,
this device is operating in the single-mode regime. However, with increased
injection current, the device becomes multi-mode in the spectrum, and a
second spatial peak also begins to emerge. The correlation between the
spectral and spatial performance of single-mode lasers is what makes them
practically desirable because the well-shaped beam profile is easily coupled
to external waveguides and also provides the smallest beam waist.
However, Fig. 4.9 also shows that the lasing peak of the laser is not
spatially centered in the device, an effect that is due to current crowding.
After the injected current leaves the contact, it is not evenly distributed in the
lateral direction by the time it reaches the active region. Thus, there exists
a higher carrier concentration near the contact radius, which contributes
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Figure 4.9: Beam waist characterization of 200 µm diameter mesa with
≈160 µm oxidation aperture and 120 µm external pillar diameter. The top
row shows CCD images at various injection currents with their
corresponding field amplitude spatial plot (middle) and spectra (bottom).
Figure 4.10: (a) Beam waist characterization of 300 µm diameter mesa with
≈280 µm oxidation aperture and 240 µm. (b) Schematic of current
crowding process. Dashed profiles shows desired current distribution, solid
shows actual. (c) Beam waist characterization of 400 µm diameter mesa
with ≈360 µm oxidation aperture and 320 µm.
higher gain in this area, which in turn results in spatially dependent lasing. A
schematic of what this process looks like is given in Fig. 4.10 (b). Also shown
in the figure are the beam waist images from the 300 and 400 µm mesas.
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When the three sizes of beam waist images are compared, it can be seen that
the larger mesa devices exacerbate the current crowding phenomenon, but
that even with the smallest processed size the problem still exists. Either
very high doping of the top layer or a reduction in total device size will
be implemented in future generations of this device to ensure that current
crowding does not destroy the performance and usefulness of the laser.
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CHAPTER 5
SURFACE RELIEF DESIGN AND
EXPERIMENT
5.1 Physics of Surface Relief
Recalling from Eq. 2.2, the threshold gain condition for a VCSEL is given
by
Γgth = α +
1
2L
ln
1
R1R2
(5.1)
Surface relief focuses on increasing the threshold gain for higher order modes
by selectively removing (“relieving”) a partial DBR pair. To understand this
mechanism, it is useful to first consider the reflectivity of a DBR stack. In
the previous sections, the backward propagation matrix
Bl(l+1) =
1
2
[
1 +
k(l+1)x
klx
1− k(l+1)x
klx
1− k(l+1)x
klx
1 +
k(l+1)x
klx
][
e−ik(l+1)xd 0
0 eik(l+1)xd
]
(5.2)
was derived and used to plot the reflectivity of a DBR stack in Fig. 2.3.
However, this is assuming that the thickness d of each layer is exactly matched
to a quarter wavelength. If a partial pair is removed by, for example, selective
etching, the reflectivity greatly varies between integer number of pairs due to
the exponential in the equation. Fig. 5.1 shows this phenomenon. Note the
sharp dip in reflectivity after etching exactly one half pair. The magnitude
of this loss in reflectivity becomes deeper when the etching cuts further into
the DBR stack due to the increased magnitude of the electric field standing
wave that interacts with the etched surface
To impart some physical insight into what this means in terms of single-
mode selection, a back-of-the-envelope calculation can easily be performed.
Considering the bottom mirror (R2) to have a reflectivity of 1, αi to be
about 12 cm−1, Γ to be about 0.03 (normal for a quantum well structure),
L to be near 500nm, and ignoring diffraction loss, the threshold gain can be
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Figure 5.1: Reflectivity of DBR stack, plotted as a continuous function of
top pair thickness to demonstrate the variable behavior between integer
number of pairs.
calculated for the two extremes of top mirror reflectivity shown in Fig. 5.1.
The low reflectivity mirror gives a material threshold gain of nearly 8 times
that of the high reflectivity mirror.
Of course, both the fundamental mode and higher order modes will see
some fraction of the integer pair and the half-integer pair, and the confine-
ment factor and diffraction loss will need to be considered for each mode.
However, from a first approximation, it is clear that the idea of surface relief
can be used to drastically suppress higher order mode lasing.
5.2 Modeling of Surface Relief Structures
As mentioned above, the serious dip in reflectivity for higher order modes
occurs only in the limit that higher order modes interact entirely with the
etched portion and the fundamental mode does not. However, to understand
the surface relief structure in its entirety, it is necessary to use numerical
modeling tools. The two-dimensional model used in the simulations presented
in this section is discussed in [29].
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A schematic of the proposed surface relief device is shown in Fig. 5.2
(a). The purpose of the numerical modeling will be to optimize the ratio
between the surface relief radius and the oxide radius. It is clear that this
optimization will play a large role in not only the difference in threshold gain
between the fundamental and higher order modes by imparting loss to higher
order modes, but also in the total magnitude of the threshold gain for the
fundamental mode because of the overlap between the fundamental mode
and the surface relief.
Figure 5.2: (a) Schematic of surface relief VCSEL showing half-DBR pair
etch. (b) Difference in threshold gain and lasing wavelengths for the first
two lasing modes as a function of surface relief size for a fixed 4 µm oxide
aperture. (c) Same as a function of oxide aperture size with a fixed surface
relief of 55%.
To perform the optimization, the numerical tool IVCSEL [29] is used. To
study the effects of varying the surface relief size, the oxide radius is fixed to
4 µm. The results are shown in Fig. 5.2 (b), where the y-axis is again ∆Gth,
the threshold gain splitting between the first two lasing modes. There is a
clear optimization point near 2.25 µm, or in other words when the surface
relief size is about 55% of the oxide radius. In addition to calculating the
difference in threshold gain, the difference in lasing wavelength for the first
two modes is plotted. Regardless of the surface relief radius, the difference in
lasing wavelength is always about 4 A˚, showing that surface relief does not
alter the spectral spacing of transverse modes. This model will help verify
single-mode behavior in the future when analyzing experimental results.
However, for higher power devices, the size will need to be scaled. The
method for scaling the device is to fix the surface relief radius at the opti-
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mized 55% ratio attained above and increase the oxide aperture radius. The
modeling results are shown in Fig. 5.2 (c). As the oxide aperture increases,
the difference in threshold gain for the first two lasing modes decreases. This
agrees with physical intuition because in the large aperture limit, both modes
should approach the plane wave limit. The difference in lasing wavelength
of the first two modes also decreases monotonically with lateral size increase
because the transverse mode spacing scales as 1/a where a is the radius of
the device.
To ensure that the optimized ratio of surface relief radius to oxide relief
does not change for the larger sized devices, the full simulation is carried out
at various oxide sizes, each as a function of surface relief size. The results are
shown in Fig. 5.3 (a). In addition to verifying that the optimized ratio does
not change with varying oxide aperture size, other interesting physics can be
extracted from the simulation results. In the simulation, 100% surface relief
is defined to be no surface relief (not the same size as the oxide aperture).
As surface relief increases, the loss imparted to higher order modes increases,
and thus the difference in threshold gain between the first higher order mode
and the fundamental mode also increases. The concept is illustrated in Fig.
5.3 (b). However, there is an optimum point at which the surface relief no
longer supplies a larger threshold difference between modes. From a physical
perspective, this corresponds to the point at which the surface relief begins
to impinge on the fundamental mode, imparting loss to it as well. At this
point, the surface relief is no longer effective at selecting the fundamental
mode, but instead just increases the threshold gain for all modes.
5.3 Fabrication of Surface Relief Devices
The fabrication of the surface relief VCSELs follows near to the standard
fabrication recipe already presented. However, because of the small nature
of these devices, an external contact pad must be added, which allows only
a single oxidation, among other considerations. Because of these derivations
and some of the inherent difficulty in processing, the fabrication will be
discussed in some detail here.
A schematic representation of the important processing steps is shown in
Fig. 5.4. The chip is first conformally coated with SiNx, then pattered via
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Figure 5.3: (a) Difference in threshold gain between the first two lasing
modes as a function of both oxide aperture radius and surface relief ratio.
100% is taken to be no surface relief. (b) Schematic of the spatial overlap of
surface relief with the mode profiles of the first two lasing modes.
optical lithography for metal deposition. The metal will act as a mask for
the SiNx. The excess is removed with a freon-based dry etching process. It
is found that switching from the standard CF4 etch to one based on CHF3
leads to a more anisotropic etch, leaving the mask sidewall closer to perfectly
vertical than otherwise. The quality of the mask will define the quality of the
VCSEL pillar because any sidewall slope on the mask will transfer directly
to the pillar.
After mask definition, the pillar is etched with a chlorine-based gas com-
bination via inductively-coupled plasma reactive ion etching (ICP-RIE). Be-
cause the etching is forced to stop in the middle of the bottom DBR stack,
in-situ monitoring is used to ensure that the etch will end on a high reflec-
tivity (low aluminum content) layer. It is also possible to use a non-selective
citric acid based wet etching solution to define the pillars as well. In this
case, photoresist would be used as a mask.
In either case, after etching, the mask is removed with freon (or pure oxy-
gen for wet etching). This process is extremely important because including
oxygen in the mask removal will ensure a cleaning of the sidewall. Omission
of this cleaning will lead to anisotropic oxidation due to sidewall deposits,
which will greatly affect the optical and carrier confinement in the final de-
vice. After mask removal and cleaning, the sample is oxidized at 420◦C.
Immediately after oxidation, BCB polymer is spun on the device for pla-
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Figure 5.4: Schematic of surface relief processing steps, including (a)
conformal SiNx coating, (b) hard mask definition, (c) pillar etching, (d)
pillar oxidation, (e) BCB coating, (f) BCB planarization, (g) top contact
deposition, and (h) bottom contact deposition.
narization. After curing, the BCB is etched in a fluorine based gas. After
many iterations, it is found that the addition of an inert gas (such as argon)
will reduce the amount of grassing on the sample and allow for a cleaner,
more stable planarization. The p-contact is then deposited on top of the
BCB after optical lithography and the n-contact is deposited on the bottom
of the substrate. At this point, the devices are characterized as a basis for
comparison for the finished devices. After characterization the surface relief
is defined via photolithography and performed with a selective wet etch. The
wet etch will etch only the first half DBR pair, but because of the graded
doping scheme in most DBR structures, it is not perfectly selective so spe-
cial care must be taken not to overetch the layer. An SEM of the processed
device is shown in Fig. 5.5.
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Figure 5.5: (a) SEM of processed surface relief VCSEL with a 20 µm
diameter and 15 µm surface relief. (b) Light output curves for 20 µm and
27.5 µm devices both with and without surface relief.
5.4 Surface Relief Performance
The characterization results in this section are taken from devices fabricated
with wet etching. Oxidation was not performed on these devices prior to
testing, so the oxide aperture is taken to be the mesa diameter.
5.4.1 Light Output and Modal Selection
The light output characteristics of the 20 µm and 27.5 µm devices are shown
in Fig. 5.5. The light output power for the smaller device is around 6 mW
for the surface relieved and non-relieved devices. The surface relief devices
show a comparable threshold to those without surface relief, indicating little
to no increase in threshold gain for the fundamental mode. In other words,
the 15 µm surface imparted very little loss to the fundamental mode in both
cases. In addition, the thermal rollover point can be seen in both of the
20 µm devices. The surface relief shows no significant effect on the onset
of thermal rollover, indicating that performing the surface relief does not
affect the thermal characteristics of the laser. However, the power of the
surface relief devices is lower than that of the standard VCSELs. This is to
be expected, as higher mode selectivity leads to lower total output power.
To show that the surface relief method effectively selects the fundamental
mode, a comparison of spectra is shown in Fig. 5.6. Without any post-
process etching, the device that has the best hope for single-mode behavior
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is the smallest one. The spectra for this device, with mesa diameter of 20 µm,
are shown in Fig. 5.6 (a). Even for low output powers of about 1.3 mW, the
device shows multimode performance. With increasing current injection, the
higher order modes clearly lase and their spectral intensity quickly becomes
comparable with the original fundamental order mode. However, after sur-
face relief, a significant improvement in single-mode selection is shown in Fig.
5.6 (b). The figure shows three sizes of device with different surface relief
ratio. The 67% ratio of surface relief to oxide (mesa) aperture device shows
a single-mode output of 1.8 mW whereas the 60% device shows an output
power of 2.0 mW. However, the 27.5 µm device with the optimized ratio of
55% shows the best performance with nearly 3.0 mW of single-mode power.
The author would like to note that the spectra, while appearing to be quite
wide, are highly magnified to show conclusively the single-mode behavior.
Figure 5.6: (a) Spectra of 20 µm device without surface relief for various
current injection levels. (b) Spectra of various device sizes with different
ratios of surface relief operating at maximum single-mode output.
Thus, the experiment has verified the predicted optimized ratio of 55%
surface relief, as well as the hypothesis that further increase of the surface
relief size will negate the selectivity of the surface relief structure.
5.4.2 Thermal Properties
To inspect the thermal stability of the devices, the threshold current is mea-
sured for a variety of sizes. The light output curve for each device is taken
while a thermo-electric cooler (TEC) is used to maintain the substrate tem-
perature. The threshold is taken by fitting two segments to the light output
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curve, one above lasing and one below, and calculating their intersection
(commonly called the two segment method). The results are shown in Fig.
5.7, where each diameter device has a 15 µm surface relief etch.
Figure 5.7: Threshold current as a function of substrate temperature for
various surface relief devices. Sizes reported are mesa (and oxide) diameter.
Every device has surface relief of 15 µm.
As the figure shows, for any given device size, the threshold current in-
creases with increasing substrate temperature. As discussed previously, the
material gain peak red-shifts with increasing temperature, reducing the over-
lap with the cavity mode. This means that a higher injection current is
required to balance the cavity losses and achieve lasing. In addition, by com-
paring device sizes at each temperature, it is clear that larger devices require
a larger threshold current. However, in terms of current density, the largest
device is near 400 A/cm2, whereas the smallest device is 800 A/cm2 because
the smallest devices experience higher loss as they propagate through the
cavity.
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5.5 Metallic Surface Relief
In order to improve upon the modal selectivity of the surface relief design,
metal can be incorporated into the structure to further increase the threshold
gain for higher order modes. The design is based on the boundary condition
for the electric field at a metal interface - namely, that the field must vanish.
In a standard VCSEL growth, the top layer (top-most DBR half pair) consists
of a high index layer so that the longitudinal standing wave is at an anti-
node. However, by depositing metal on this top layer of DBR and forcing
a node at the interface, the standing wave in the cavity is perturbed, not
only reducing the field intensity in the gain region, but also misaligning the
standing wave with the gain medium. Both of these effects will lead to higher
threshold gain for transverse modes with peaks in these areas.
On the other hand, by etching exactly a half pair of DBR from the center
of the cavity, the area occupied by the fundamental transverse mode, this
effect will be negated because the field is already at a node before the metal is
deposited. Thus, the fundamental mode will not see the metallic perturbation
and the threshold gain for this mode will remain unchanged. A schematic of
the proposed device along with the standing wave in each region is shown in
Fig. 5.8.
To give a numerical estimate of the increase in threshold gain for higher
order modes, a brief calculation is performed based on the propagation ma-
trix method described earlier. The reflectivity of the standard VCSEL with
metal coating (high-index layer as top interface) and 13 DBR pairs is 96.12%,
whereas the reflectivity with a low-index interface is 98.9%. The difference
in mirror loss between the two cases is more than a factor of three, assuming
a cavity length of 500 nm. In addition, the confinement factor for the high-
index interface will be reduced by the perturbation and further increase the
threshold gain for higher order modes.
This device, while promising for further single-mode selectivity, presents
some processing challenges, including electrical isolation and substrate re-
moval. As such, the device is under iterative processing currently to optimize
the fabrication process.
50
Figure 5.8: (a) Schematic of proposed metallic surface relief VCSEL. (b)
Electric field standing wave for outer region solved by the transfer matrix
method. (c) Same for the inner region.
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CHAPTER 6
CONCLUSION AND OUTLOOK
6.1 Summary
In this work, three methods for attaining high-power single-mode vertical-
cavity surface-emitting lasers were presented. The designs are based on the
basic VCSEL operating principles presented as well as recent state-of-the-art
advances in the area.
The first design is based upon the spatial filter presented in [10] and [9].
Fabricated devices show peak output power near 12 mW for multimode op-
eration along with a narrow spectral separation between adjacent transverse
modes of less than half an angstrom. However, due to the high reflectivity
in this design even in the higher order mode filter region, other modes may
lase in the cavity. Although the modes are not necessarily collected, they
consume carriers that would otherwise contribute to the fundamental mode
power.
An improved extended pillar design was also presented as a solution to this
problem. The design strategy for this device involves selecting spatial filter
materials and DBR etching depth to maximize loss for the higher modes.
By numerically optimizing these parameters, maximum single-mode power
of a few mW was reached along with maximum single peak power in excess
of 40 mW. In addition, a detailed study of oxidation aperture optimization
was performed by experimentally varying the ratio between the extended
pillar and oxide aperture. The study includes analysis of spectral purity
and maximum output power as a function this ratio. However, beam waist
images from a variety of device sizes show an inherent problem with current
crowding for large devices, causing spatially dependent lasing.
The final device, a surface relief structure, is demonstrated with up to 3
mW of single-mode performance with a low threshold below 5 mA. Devices of
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similar, or even smaller, dimension without surface relief showed no evidence
of single-mode lasing even at low output powers of near 1 mW. Alongside
the experimental results, a model for the optimization of surface relief depth
and ratio is presented and found to have very good agreement with the
experimental results.
6.2 Future Outlook
As an extension of the surface relief design, a proposed metallic surface relief
design is also presented to enhance the losses for higher order modes propa-
gating in the cavity. Standing wave profiles are presented to show the distur-
bance caused by the metallic boundary condition. While this device is still
undergoing processing, it shows great promise for high-power single-mode
behavior toward the goal of magnetic recording applications. In addition, a
careful study of the affect of oxidation is performed to optimize the design
of this device and the previous standard surface relief design.
Aside from this design, there are also other promising frontiers to achieve
high-power single-mode lasing, including the adaptation of extended cavity
designs and back-side lens designs to smaller devices. Each of these ap-
proaches brings a unique mechanism for achieving single-mode lasing, and in
order to achieve the goal of high-power light output, a combination of these
approaches will be necessary.
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